Abstract-As one of the key techniques for displaying tactile feeling in virtual reality, electrotactile stimulation has been well studied in the past decades. However, the lack of quantization metrics (the effective evaluating method of tactile feeling display at different stimulation modes) has hindered its wide applications. In this paper, based on the classical equivalent circuit model of cutaneous nerve, the responses of three mechanoreceptors (Meissner's corpuscle (RA), Merkel's disc (SAI) and Pancinian corpuscle (PC)) were investigated at different electrical stimulation modes. The influences from electrode distance, electrode quantity, and the optimal stimulating mode of different mechanoreceptors were analyzed in detail. The experimental results were presented, in which the stimulation effects of different mechanoreceptors were evaluated through psychophysical experiments of tactile feeling recognition in a trial-and-error way. The optimal stimulation modes of two mechanoreceptors (RA, SAI) with independent stimulations were obtained, which lays both theoretical and experimental foundation for further improving the effectiveness of the tactile feeling display via functional electrical stimulation.
I. INTRODUCTION
Tactile feeling has a complex mechanism [1] which relies on both psychological state and physiological state of the individual human. As a key human sense interacting with the environment, it play an irreplaceable role in improving the telepresence of virtual reality [2] .
Tremendous progress has been achieved in vision and hearing studying, for example, the face recognition and the voice recognition has already been extensively applied on many areas of human society, providing great convenience to our work and life. However, so far the study of tactile perception and display has not got a great progress [3] , which is due to a variety of reasons. On the one hand, a single sensor which can simultaneously collect the texture, pressure, temperature, and position of touch interaction is difficult to be machined [4] . On the other hand, the tactile feeling has a more complex mechanism [5] compared with most human sensations. For example, most of the Tele-Robotic Systems are only equipped with force-feedback haptic devices, resulting in that only limited interaction force of a single point can be displayed and the vibration, roughness, and texture of the contact surface are missing. A case in point is the American surgical robot DaVin-ci, which does not have the acquisition system of tactile information and the feedback system of tactile feeling. Therefore, further research could not be carried out to seek the dermatological properties of the patient by using the DaVin-ci robot system. So the operator cannot make exact diagnosis based on the characteristics of the contact surface.
Among various determination methods of the tactile feeling display, as the properties of the feasible stimulus method, exact controllability and simple device for realization, the electrotactile feeling display using electrical stimulation has been attracting more and more attention of researcher [6] , [7] , [8] . The electrical stimulation simulated the principle of the action potential of the cutaneous receptor for physical stimulation on skin. It stimulated the cutaneous receptor by array electrodes and considered the material, size, distance of the electrode and the position of the stimulation. Via different stimulation pulse parameters such as amplitude and frequency, we can have a feeling such as vibration, pressure, pain, et. al [3] , [9] . In recent years, great progresses have been achieved on electrotactile feeling display. However, there are still several problems needing to be solved, as shown below. Although McNeal made the equivalent circuit model of electrical stimulation on the basis of dermal structure [10] , and described the response of the electrical stimulation in a certain current. The preciseness of the model hadn't been validated and evaluated through real comparison test in the following research. Frank Ratty simplified the electrical stimulation model on the basis of the McNeal's model [11] and began to use the stimulus function to describe the electrical stimulus result in a certain current. But it only focused on the theory analysis of the stimulus function and didn't give the test result of the evaluation of the function. Kajimoto built the stimulus mode to the main cutaneous receptor based on the study of the electrical stimulus model and stimulus function. Besides, he analyzed the effect of the feeling on different electrical stimulation and the mistakable senses such as the sensation shift. But he did not set up a quantitative evaluation method with which we can compare the same feeling on different electrical stimulus mode [12] . Other progress in the area included studying the stimulation mode in a trial-and-error way and evaluating the different stimulation mode on SAI mode using array electrodes which was set up by Kajimoto [3] . Accordingly, the same electrotactile feeling under different stimulation modes needs to be evaluated. Besides, defining an evaluating function is needed to compare the result in the trial-and-error experiment. In view of the above problems, this paper evaluated the electrotactile stimulation mode which can display the senses of vibration and pressure by trial-and-error method based on the typical electrical stimulus model and stimulus function. Its core thought is that collecting the identification result of an unknown outputting intensity stimulus by the tester who had been trained previously. Then we set up the evaluation function based on the physiological character of cutaneous receptor and calculated the value of evaluation function on different stimulus modes. Finally we compared the different stimulus mode of tactile feeling using the evaluation function values, by which we can find the best stimulation mode and achieve a much more accurate tactile feeling display. 
II. PRINCIPLE OF ELECTRICAL NERVE STIMULATION
In this section, the principle of electrical stimulation was shown. Most researchers focused on three mechanoreceptors of the skin, including Meissner's corpuscle, Merkel's disc and Pancinian corpuscle. As shown in Figure 1 , the three mechanoreceptors were named "tactile primary colors [9] " by Kajimoto. We can reconstruct any tactile sensation by combining the activities of each receptor.
First, the nerve axon was modeled based on five basic assumptions [3] , [12] . The assumptions mainly describe the properties of nerve axon, the direction of the current in the nerve axon, et. al. Based on these assumptions, we can get the equivalent circuit of the electrical stimulation, as shown in Figure 2 . For the stimulation model shown in Figure 2 (a), we tag different myelin sheath from 1 to n, and the distance between the two myelin sheaths was set to x . The length of the node of ranvier was set to L. Membrane is expressed by membrane capacitance (C m ), membrane conductance (G m ), the diameter of the nerve (D) and internal conductance (G). Myelinated fibers are shown in Figure 2 (c). The (G) basically originates from the myelin sheath. But for the unmyelinated fibers, we can take a length of x of the nerve, and its conductance is equivalent to (G). The current of G m was set to I i,n . The potential of the nth myelin sheath was set to V n . The external potential was set to V e,n . The resting potential was set to V r . According to Kirchhoff's law of the nth node [10] , [11] :
Substituting Eq (2) into Eq (1), we get
where Na I , K I were the current formed by a N and K , L I was the leakage current, i was the equivalent resistance of unit area of the nerve, , i n i was the ion current, c m was the equivalent capacitance of unit area of the nerve, we can get
e n e n e n n n n n i n m i
The 2-terms caused by external stimulation electrode which contains V e,n fit the definition of derivative, and so it was set to ( )
, and we get If the stimulus current was I e and the distance from the stimulus position to the nerve is R, then we can get the potential at distance R, ( , ) 4 e e e V x t I R . We know 2 2
is the skin resistivity and equals approximately 300ohm•cm [10] . Substituting it into Eq(5), we then get 
We thus get that Eq. (6) was the activating function (AF). By substituting the different x into the function, we can get the activating function for arrayed electrodes case. For Meissner's corpuscle case (Figure 3 ), the AF is related to the receptor direction, because the Meissner's corpuscle is orthogonal to the skin's surface [3] . According to Gauss's law, 
III. THE THEORETICAL SIMULATION
Depending on Eq. (6) and Eq. (7), we can simulate the activating function of the three mechanoreceptors on the condition of single electrode and array electrodes by means of numeric calculation(the depth of the Meissner Merkel Pacinian are 0.7mm, 0.9mm, 2.0mm respectively [12] ).
Corresponding to the tactile primary colors, we can explore the effect of the receptor to the electric stimulus under three stimulation modes, including the RA mode which mainly stimulates the Meissner's corpuscle, the SAI mode which mainly stimulates the Merkel's disc, as well as the PC mode which mainly stimulates the Pancinian corpuscle. The default current size of the simulation was 2uA, and we take the downward direction as positive. The RA mode, the PC mode and the SAI mode was shown in figure 3(a), figure 3(b), and figure 3(c) respectively. The detailed analysis and the building process of the stimulation mode can be found in [12] . 
A. RA mode by anodic current
According to the Figure 3 (a), we can get the simulation results, as shown in Figure 4 . The simulation results show that the stimulus response of the Meissner's corpuscle is about 4-5 times larger than that of the Merkel's disk, and it is about 10 times larger than that of the Pancinian corpuscle. It showed the good identifiable ability of different receptor. We can get that the stimulation mode mainly stimulates Meissner's corpuscle. Besides, we found the effective stimulus area focused on the center of the electrode within 3 mm, meaning that we can stimulate all the receptor of certain area by array electrodes. According to the Figure 3(b) and considering that the distance (d) between two electrodes equals 2 mm, we can get the simulation result, as shown in Figure 5 . The simulation result shows that the PC mode has little influence on the response of the Meissner's corpuscle but has enhanced effect on the Merkel's disk and Pancinian corpuscle comparing with the RA mode(the response of the Pancinian corpuscle is negative in RA mode). Thus we can get that PC mode mainly stimulates Meissner's corpuscle and Merkel's disk. Besides, it shows that PC mode can slowly decay the AF around electrodes.
B. PC mode by weighted array electrodes
In addition, we found that the distance between two electrodes could affect the response of the Pancinian corpuscle in PC mode, and it will enhance the response of the Pancinian corpuscle relatively. The result was shown in Figure 6 . We can find that the response of the Pancinian corpuscle is relatively larger when d=0.6mm, but when the distance gradually increased, the result will gradually turn into the result as shown in Figure 5 .
Furthermore, if the current direction was changed, we will get the data curve which is symmetric with respect to the x-axis. It means that the new stimulation mode which mainly stimulates Meissner's corpuscle is similar to the RA mode. Figure 7 . The result shows that the responses of the three mechanoreceptors enhanced in the PC mode(especially the Merkel's disk), and its response was approximately 3-4 times larger than that of the Meissner's corpuscle. It's easy to find that the SAI mode was more effective than the first two stimulation mode, except the stimulation area. Besides, the response concentration was close to the central electrode. While it's generally to say that the SAI mode mainly stimulates the Merkel's disk and makes somebody have the feeling of pressure.
IV. ELECTRO-TACTILE FEELING DISPLAY
According to the above theory and analysis, we designed the experiment system of tactile feeling recognization. The system included the Master 9 electrical stimulator (Israel A.M.P.I, Inc.), isolator, and flexible stimulus electrode. The electrode was fabricated in a 2 mm wide, 2 mm pitch and 15 mm length. The system configuration was shown in Figure 8 .
The actual photograph of the system is shown in Figure 9 . One electrode was used as stimulating electrode and placed on the fingertip of the tester's right middle finger. Another electrode was used as energy recovery electrode and placed on the back of the right hand in RA mode and PC mode. Only one electrode was needed in SAI mode, and the centrical electrode (labeled 5 in Figure 9 (c)) was used as recovery electrode. The others electrodes in Fig.9C were used as stimulus electrodes, and the electrodes were placed on the tester's right middle finger. In doing experiments, we firstly let the tester study the stimulation characteristic of the different output signals in a certain stimulation mode. And then we test his accuracy of recognizing the unknown stimulation signal in the same stimulation mode. In addition, to evaluate the effect of the three stimulation modes, we took the recognization experiment of vibration sense and pressure sense in each mode. By doing so we can find the best stimulation for different senses (because the Pacinian corpuscle was very difficult to stimulate separately, we didn't consider the high frequency vibration). The experiments were performed on 4 testers and more than 200 set of statistics were collected. Thus the result of the present study are with statistical significance.
Some parameter declarations of the experiments were displayed in the following. For all the vibration test experiments, the invariable width pulse (200us width and 2 mA stimulation current) was used in the experiment. Four test frequencies were defined, including 10Hz, 30Hz, 70Hz, and 90Hz, which corresponded to grade 1 to 4 respectively. For all the pressure test experiment, the invariable frequency pulse (100Hz frequency and 2 mA stimulation current) was used in the experiment. Four test widths were defined, including 150 us, 200 us, 250 us, and 300 us, which corresponded to grade 1 to 4 respectively. 
A. RA mode by array electrodes
According to the analysis of the three modes in section 3, we know that the RA mode can be achieved by array electrodes which can slow the decay of AF, as is shown in Figure 10 . According to the Figure 1 and the theoretical simulation result of the section 3, we know that Meissner's corpuscle was sensitive to the low frequency vibration, and the strength of somebody's feeling was positively related to the frequency and pulse duration of stimulus pulse. The result was shown in Figure 11 (a) .
Based on the analysis above, we know that the accuracy of grade 1(10Hz) and the grade 2(30Hz) should be better than the accuracy of the grade 3(70Hz) and grade 4(90Hz). Compared with the overall accuracy of the grade 1 and 2(the accuracy summation is close to 140), the summation (90) of grade 3 and 4 decreases to some extent. But the accuracy didn't gradually decrease with the increase of the frequency of the stimulus pulse which didn't fit the physiological character of the Meissner's corpuscle very properly. It means the RA mode isn't the best stimulation mode for Meissner's corpuscle. In addition, to remove disturbances of the Meissner's corpuscle, the fixed-frequency pulse of 100Hz was used in this test. And if it can stimulate the Merkel's disk in current mode, according to the relationship between the pulse duration and feeling intensity, the tester will then feel gradually increased sensation of pressure with widening of pulse width [13] , [14] . The result was shown in Figure 11 (b). It can be found that the pressure sensation recognization has a good accuracy in most grades. It verified that the Merkel's disk didn't have sensitive stimulus frequency.
B. PC mode by array electrodes
Because of the depth of the Pacinian corpuscle and the Merkel's disc has little difference in fingertip skin, the Pacinian corpuscle is hard to stimulate separately and it squared with the simulation of the section 3.2. According to the Figure 3(c) , and using the negative stimulation current (other conditions do not change), we can get the result as shown in Figure 12 (a) .
It can be easily found that the result fit the physiological characteristic of the Meissner's corpuscle in current stimulation mode, but there are still differences. And for short of the different spacing array electrodes, the result of the Figure 6 had not been tested, so whether it has better stimulating effect for Pacinian corpuscle with the electrodes spacing d=0.6mm is yet to be proved by further experiments. The result of Accuracy of pressure sensation was shown in Figure 12 (b). The average recognition accuracy of pressure sensation reached 74.7%. But, based on the tester's reaction to the feeling recognization, they all felt the vibration sensation which may be introduced by the Pacinian corpuscle which is sensitive to the high frequency pulse. But generally, we can draw the conclusion easily that the Merkel's disk can be separately stimulated successfully in PC mode. Figure 13 . SAI stimulation by array electrodes.
C. SAI mode by array electrodes
According to the section 3.3, the Merkel's disk can be stimulated in SAI mode which was more effective than the RA and PC mode. As shown in Figure 13 , the single piece of array electrodes was used to achieve the SAI mode. The result was shown in Figure 14 (a) .
Comparing to the result of vibration sensation test of the section 4.1, we can draw an opposite conclusion easily that the accuracy gradually decreases with the increase of the frequency of stimulus pulse, and the result fits the physiological character of the Meissner's corpuscle very well, meaning the SAI mode is the best stimulation mode for Meissner's corpuscle. To test the stimulation effect of the Merkel's disk, and according to the theoretical simulation result of the section 3, we know that the Merkel's disk was mainly stimulated in SAI mode, so the accuracy should be better than others. But according to the result shown in Figure 14 (b) , we found the accuracy of pressure sensation test in SAI mode was relatively low and unstable compared to the PC mode. It means the SAI mode isn't the best stimulation mode for Merkel's disk.
D. Comprehensive analysis
Based on the physiological characteristic of the Meissner's corpuscle, ideally, we hold that, the accuracy was about 0% when the frequency of stimulation pulse exceeded the sensitive frequency of the Meissner's corpuscle (60Hz) [3] . Besides, the accuracy of the feeling recognization was lower and the frequency of stimulation pulse was higher. Thus we can define the evaluation function: Based on the simulation result of section 3, we get the statistical result shown in Tab.1. We can find that the value of the AF of the Meissner's corpuscle in SAI mode is about 2 times larger than that in RA mode and 3 times larger than that in PC mode. Thus the SAI mode has better stimulation effect than the other two modes. And for Merkel's disk, the AF value in SAI mode is larger than the value in PC mode, but according to the result of the pressure sensation test, the SAI mode isn't the best stimulation mode for Merkel's disk. Except the disturbances of the Meissner's corpuscle, we assume that the uneven distribution of the AF is the main reason compared with the AF in PC mode. Currently, the other reason is not clear.
V. CONCLUSIONS
The content of this paper includes: a new evaluation method of tactile feeling for typical stimulation mode of cutaneous receptor was proposed based on the classical McNeal stimulation model and activating function (AF). In other words, the comparative experiment is used to check whether the typical stimulation mode is optimal; the evaluation function of the effect comparison of the tactile feeling display in different stimulation modes for Meissner's corpuscle and Merkel's disk was proposed. Due to the limitations of the test conditions and sample qualities, we didn't consider the influence of electrode property such as material and shape, so the reader need to consider comprehensive condition when reading and it will be further perfected in the future study.
Currently, because the stimulation effect of the Pacinian corpuscle is not clear, the best stimulation mode of vibration sensation and pressure sensation was studied in this paper. But the other sensation such as slip sensation and roughness sensation can be achieved by combining vibration and pressure sensation in the temporal and spatial dimensions, for example, we can achieve the slip sensation by arranging vibration stimulation in the spatial dimensions. The technique is expected to enhance the sensory immersion of virtual reality application [2] , virtual tactile and so on. For example, if we can collect the force distribution of the interaction surface between actuator such as manipulator and the target, the similar force distribution can be displayed for the operator by using the technique, [15] , [16] . It can be used in remote tactile interaction, tactile feedback of advanced artificial limbs or remote palpation device. And the type of the interaction can be further enriched.
